Summary. The 
Introduction
It has been shown in various mammalian species that the ability of spermatozoa to change the character of movement in response to different environmental conditions is an important facet of their fertilizing ability (for review see Yanagimachi, 1988) . Typical changes in sperm movement characteristics occur during sperm capacitation. When human spermatozoa are incubated in vitro in capacitating media, motility changes resembling those observed in spermatozoa of some other mammalian species can be observed (Burkman, 1984; Mortimer et ai, 1984; Morales et ai, 1988; Robertson et ai, 1988) . In general, these changes are characterized by the appearance of a distinct subpopulation of spermatozoa that display a vigorous motility but little progression with large amplitudes of lateral head displacement. It has been suggested that this so-called 'hyperactivated' motility is typical of capacitated spermatozoa and that it shortly precedes the acrosome reaction (Robertson et ai, 1988) . If this presumption is true, the hyperactivated motility should be acquired by the fertilizing spermatozoon close to, or during, its interaction with the egg investments-the cumulus oophorus and the zona pellucida. However, no data have been published concerning the character of movement of human spermatozoa within the human cumulus oophorus and the obser¬ vations reported for other mammalian species are somewhat inconsistent (Suarez et ai, 1983; Katz et ai, 1986; Corselli & Talbot, 1987; Drobnis et ai, 1988; Shalgi & Phillips, 1988) .
In this study we analysed the movement characteristics of human spermatozoa preincubated in capacitating medium and allowed to penetrate the human cumulus oophorus. To distinguish whether the observed changes in sperm motility pattern were merely due to mechanical interaction of spermatozoa with the cumulus microstructure or whether a direct specific effect of cumulus components on the character of sperm movement also contributed to them, the solubilized cumulus intercellular matrix as well as its different fractions separated by high-performance liquid chromatography (h.p.l.c.) were tested for their effects on human sperm motility.
Materials and Methods
Semen collection and preparation Semen samples were obtained from 12 normospermic (World Health Organization, 1987) men from couples treated by in-vitro fertilization. Spermatozoa were prepared for in-vitro fertilization using the standard protocol (Testart et al, 1982) . Briefly, semen was left to stand for 20-30 min to allow liquefaction. An aliquant of 0-5 ml semen was then diluted with 9 ml Tyrode's medium (Difco, Detroit, MI, USA) and spermatozoa were washed from the seminal plasma by two cycles of centrifugation and resuspension of the sperm pellet in the medium. For (Testart et al, 1989) . Parts of the cumulus oophorus were isolated from follicular aspirates. Only fully mucified cumuli, rated as preovulatory (Laufer et ai, 1984) , were used. The oocytes from the respective follicles were rated as grade 3 of oocyte maturation (Marrs et al., 1984) . The cumuli were kept in B2 medium at 37°C and under 5% C02 in air for a period ranging between 30 min and 2 h. They were then washed thoroughly by passing each cumulus fragment through three baths of Dulbecco's phosphate-buffered saline (DPBS; Gibco, Paisley, UK). The volume of each bath was 2 ml and the time of incubation was 5 min. Cumuli from 41 follicles punctured in 36 patients were used. About one quarter of this cumulus material was used as a whole whereas the other cumuli were processed for isolation of the intercellular matrix. preincubated spermato¬ zoa subsequently exposed to hyaluronidase alone, the enzyme used for solubilization of the cumulus matrix. These changes were not observed when washed and motility-selected spermatozoa were exposed to the solubilized cumulus matrix without previous incubation for in-vitro capaci¬ tation (Table 3 ). The changes in sperm movement characteristics induced by the solubilized cumulus matrix in capacitated sperm populations were even more expressed when only highly motile subpopulations (VCL^ µ /sec) of spermatozoa were included in these calculations (Table 4 ). No differences in the percentage of motile spermatozoa were observed between sperm populations after the same time of incubation. (Fig. 2) . The most outstanding features of the cumulus-exposed sperm populations were an increase in the incidence of spermatozoa showing VSL >80 pm/sec (P < 0-01) (Fig. 2a) and BCF >18Hz (P < 001) (Fig. 2c) , and a decrease in the incidence of spermatozoa with LIN^60% (P < 0-01) (Fig. 2b) and ALH >7pm (P < 001) (Fig. 2d ).
These findings made it possible to distinguish two typical motility patterns, given by combination of different parameter range restrictions (see Fig. 3 legend) . The one, referred to as hyperactivated pattern, was represented only sporadically at the beginning of sperm incubation in capacitating medium, but its frequency grew during the time of incubation. The incidence of spermatozoa showing the hyperactivated pattern dropped abruptly after the brief exposure of the preincubated spermatozoa to the solubilized cumulus intercellular matrix (Fig. 3) . Concomitantly with the sharp reduction of the incidence of the hyperactivated motility pattern, the other pattern, for which we used the term 'cumulus-related', made its appearance in the presence of the cumulus matrix (Fig. 3) . This pattern of sperm motility was never observed in fresh spermatozoa or in those incubated in capacitating medium in the absence of cumulus materials. Typical track reconstruc¬ tions of non-hyperactivated, hyperactivated and cumulus-related spermatozoa are shown in Fig. 4 . et ai, 1988; Robertson et ai, 1988) , even though there are some differences as to the exact definition of hyperactivation between individual research groups. These differences are mainly related to different measurement conditions which have been shown to influence the perceived characteristics of sperm movement (Mortimer et ai, 1988; Mack et ai, 1989) . By analogy with other mammalian species the hyperactivated sperm subpopulation is believed to represent the capacitated sperm subpopulation. However, the physiological role of this type of sperm motility is still not clear. The vigorous, whiplash-like movement may be advantageous for liberating capacitated sperm cells from the mucous materials present in various parts of the female reproductive tract. The oviducal isthmus acts as a sperm reservoir in some mammals and it has been demonstrated that hyperactivation of rabbit spermatozoa is associated with their migration from the lower isthmus to the oviducal ampulla (Cooper et ai, 1979; . Similar changes can be induced by incubation in capacitating medium in rabbit spermatozoa flushed from the isthmus (Johnson et ai, 1981) . Cervical crypts have been suggested to represent the main site of sperm storage in the human female reproductive tract (Kremer & Jager, 1988) and hyperactivated motility of human spermatozoa may thus serve to aid escape from the viscous cervical mucus.
The erratic movement of hyperactivated spermatozoa may also reduce the loss of spermatozoa from the site of fertilization and provide the spermatozoa with a search pattern for the cumulus mass (Suarez et ai, 1983) . On the other hand, it is more difficult to imagine how this restricted progressive motility might help spermatozoa to enter the cumulus oophorus and move within it in a centripetal fashion towards the oocyte. The present results have shown that most of the spermato¬ zoa within the cumulus mass display a very linear motility, different from the hyperactivated pattern. The persistence of great amplitudes of lateral head displacement in some spermatozoa within the cumulus matrix is associated with a rather ineffective movement and a marked drop of flagellar beat frequency. This may be due to great loss of energy consumed by such spermatozoa during forced vast lateral excursions of the sperm head in the extremely viscous environment of the cumulus oophorus. Alternatively, it cannot be excluded that these spermatozoa are actually responding to less penetrable regions of the cumulus matrix. Local heterogeneity in cumulus mech¬ anical resistance is probably a factor affecting the kinematics of sperm movement in the hamster cumulus matrix (Drobnis et ai, 1988) .
The motility pattern of human spermatozoa within the cumuli oophori observed in this study is different from that described for rabbit (Suarez et ai, 1983) and rat (Shalgi & Phillips, 1988) spermatozoa that have entered the cumulus oophorus in vivo and which retain the hyperactivated motility. This difference must be interpreted with caution since these in-vivo studies involved quite different physiological conditions. In particular, we have analysed the motility of spermatozoa after a very short duration of contact with the cumulus. Therefore the motility pattern observed may represent an early response of spermatozoa to the exposure to cumulus factors which accelerates their passage through this egg coat. If spermatozoa remain in the cumulus for longer periods, they may return to the hyperactivated motility pattern. A biphasic pattern characterized by oscillations between whiplash and progressive motility is typical of the hyperactivated state in rabbit spermato¬ zoa and the durations for either phase may be as long as several minutes (Johnson et ai, 1981) .
Unlike the above two species, however, the movement of hamster spermatozoa becomes more linear within the cumulus (Katz et ai, 1986; Corselli & Talbot, 1987; Drobnis et ai, 1988) in a way similar to that described in this study. The possibility of interspecies differences in sperm reactivity with components of the cumulus oophorus cannot be excluded.
Our experiments using the solubilized cumulus intercellular matrix have suggested that there may be a direct effect of some components of the cumulus intercellular material on sperm motility, apart from the purely mechanical one given by the physical properties of this milieu. In fact, a new sperm subpopulation, characterized at the same time by very high curvilinear velocity and low amplitude of lateral head displacement, resulting in an extraordinarily high progressive velocity, appears during short incubation with the solubilized cumulus matrix. A considerable increase in the mean value of beat cross frequency is another typical sign of this subpopulation. This linear and extremely progressive movement, never observed in fresh spermatozoa or in those incubated in capacitating medium, may facilitate sperm penetration through the cumulus oophorus. On the other hand, the major differences between the intact cumulus oophorus and the solubilized cumulus matrix preparation, involving viscosity, presence or absence of cumulus cells and the relative concentrations and size of polysaccharides, make it extremely difficult to compare the sperm move¬ ments generated in each preparation. The principal problem to be solved is the relationship between the subpopulation of spermatozoa displaying the cumulus-related motility pattern in the low-viscosity medium and those showing a similar character of movement within the intact cumulus matrix.
The appearance of this specific motility pattern of spermatozoa preincubated in capacitating medium and then exposed to the solubilized cumulus matrix is accompanied by a marked reduction of the subpopulation of spermatozoa showing the hyperactivated type of motility. This relationship suggests that the spermatozoa with extremely swift and linear movement appearing in the presence of the solubilized cumulus matrix are recruited from the hyperactivated sperm subpopulation. This hypothesis is supported by the absence of response to the solubilized cumulus matrix, in terms of the development of this particular type of movement, in short-term incubation, non-capacitated sperm populations. It has been shown in various mammalian species that non-capacitated sperma¬ tozoa lack the ability to enter the cumulus (for review see Yanagimachi, 1988) . However, other factors than the character of sperm movement may be responsible for this inability, particularly those concerning the readiness of spermatozoa to undergo the acrosome reaction which must occur in synchrony with sperm passage through the egg vestments to ensure normal penetration (Tesafik et ai, 1988; Tesafik, 1989) .
The fact that several different h.p.l.c. fractions of the solubilized cumulus intercellular matrix are capable of inducing the changes in sperm motility characteristics typical of the cumulus-related motility may be explained in several ways. This effect may be produced by different types of molecules acting synergistically in the intact cumulus but capable of exerting the same effect, under the experimental conditions used in this study, independently of each other. Alternatively, the same active substance may be part of a large macromolecule and remain functional after its partial enzymic degradation by the action of enzymes originating from cumulus cells, from spermatozoa, or from the hyaluronidase preparation used for cumulus dispersion. Further studies are needed to identify and characterize the cumulus components involved in modifying human sperm motility.
In conclusion, this study has demonstrated that human spermatozoa reacting with a human cumulus oophorus in vitro assume a specific type of motility. This specific motility, denoted as cumulus-related, is characterized by a very rapid, linear and progressive movement with high fre¬ quency of flagellar beat and low lateral excursions of the sperm head. The cumulus-related motility is induced by factors present in the cumulus intercellular matrix which probably act on those spermatozoa that have previously achieved the hyperactivated motility pattern. It would be of interest to determine whether defects of this mechanism, caused either by deficiency of cumulus oophorus preovulatory development or by abnormal sperm responsiveness, can be implicated in some cases of human infertility.
